Survival of Treponema pallidum was found to be prolonged in the presence of tissue culture. Of the 12 cultures studied, cottontail rabbit epithelium (SflEp) supported T. pallidum for the longest time. In horizontal Leighton tubes with reduced medium and an atmosphere of 5% CO2 in N2, the 50% survival time (ST50) was 5 to 6 days for treponemes associated with monolayers of SflEp cells. Comparable cell-free tubes had ST50 values of less than 4 days. In vertical Leighton tubes containing 6 ml of prereduced medium incubated aerobically, gradients of 02 tension and redox potential were established. Attachment and survival of T. pallidum were greatest at a depth of about 10 to 20 mm. Motility was between 70 and 95% in this area throughout the first 14 days of incubation.
Occasionally, greater than 50% motility was observed for as long as 21 days. The redox potential and 02 tension in the optimal area of gradient cultures were reproduced by adjusting the medium depth in a shell vial culture system containing cells on a horizontal cover slip. Treponemes associated with the cell monolayer in both gradient and shell vial cultures were still virulent after 21 days in vitro. The dilution of testis extract and the concentration of T. pallidum were found to be important factors in survival of T. pallidum.
Many attempts have been made to cultivate
Treponema pallidum in vitro during the past 70 years, and a number of investigators have reported the successful achievement of this elusive goal. Unfortunately, the relationship of these avirulent, cultivable treponemes to the causative agent of syphilis appears to be rather remote-if, indeed, any relationship exists. Failing to cultivate T. pallidum, many investigators attempted to develop survival media in which virulent organisms could be maintained for extended periods of time; they hoped that those studies would eventually lead to the development of a medium in which T. pallidum would replicate. Virtually all the studies concerning cultivation and maintenance of T. pallidum that were published up to 1966 have been ably reviewed by Willcox and Guthe (21) . Most of those investigations emphasized the use of media containing reducing agents as well as the maintenance of strict anaerobic conditions because it was generally agreed that Treponema were anaerobic organisms and that 02 severely limited their survival. Under these conditions, Weber (20) , by using a modification of a medium devised by Nelson (16) , found the ST50 (survival time, in days, during which 50% of the organisms remained motile) to be as long as 16 days. Un- fortunately, as in studies by others (2, 9, 18) , there was no correlation between the ST50 and virulence for rabbits, which was lost after 6 days in vitro.
Although all members of the genus Treponema that have thus far been cultured appear to be anaerobes, at least one is known to be oxygen tolerant (19) . Furthermore, Kawata (12) demonstrated the presence of cytochromes in the Reiter treponeme, suggesting the possible use of oxygen. More importantly, Cox (3, 15) . The following components were combined in distilled water to a final volume of 100 ml to make up the BRM stock: 10 ml of lOx MEM in Earle balanced salt solution without L,-glutamine and NaHCO3, 1 ml of 200 mM i.-glutamine, 3 .75 ml of 7.5% NaHCO:,, 1 ml of lOOx MEM nonessential amino acids, 1 ml of sodium heparin solution containing 100 U, 10 mg of sodium pyruvate, 40 mg of reduced glutathione, 20 mg of DL-cysteine hydrochloride, and 10 mg of DTT. In later studies, as indicated, the formulation of the stock medium was changed in that the concentrations of cysteine, glutathione, and DTT were decreased by 50%, and the volume of 7.5% NaHCO:i was decreased to 3.38 ml per 100 ml of stock. This was referred to as BRM-50 stock. These stock media were membrane filter-sterilized (Millipore Corp.) and stored under 5% CO2 in N2 at 4°C for up to 1 month before use.
The complete medium (BRM or BRM-50) was prepared by mixing 77.5 parts of the stock medium, 2.5 parts of 1 M HEPES buffer (N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid; pH 7.3), and 20 parts of fetal bovine serum (FBS). The medium was preequilibrated with 5% CO2 in N2 at 33°C for 4 to 8 h before use. The final pH of the medium was 7.3 to 7.4.
In some experiments, medium lacking phenol red but containing resazurin was used. In these instances, the stock medium was prepared from lOx Earle balanced salt solution without phenol red plus a 100x vitamin solution and a 5Ox essential amino acid solution. Resazurin was added at a final concentration of 0.0001% at the time the complete medium was prepared.
Pre-equilibration of media. An analyzed gas mixture containing 5% CO2 in N2 and contaminated with INFECT. IMMUN.
on October 16, 2017 by guest http://iai.asm.org/ Downloaded from less than 0.3% 02 (obtained from Matheson Gas Products, Newark, Calif.) was used for media pre-equilibration and displacement of air from culture tubes. Media pre-equilibration was carried out in sidearm flasks fitted with sterile packed cotton filters and sealed with silicone rubber stoppers. Flasks of media were subjected to three cycles of evacuation to 1 to 3 mm of Hg and refilling with 5% CO2 in N2. To ensure a large surface area for gas exchange, the volume of media was limited to one-third the volume of the flask. Displacement of air in culture tubes was performed by allowing a stream of 5% CO2 in N2 to flow into the tubes throlgh a cotton-plugged Pasteur pipette at a rate of 2 liters/min for 1 min.
Survival studies in cell-free cultures. T. pallidum survival in BRM without tissue culture under an atmosphere of 5% CO2 in N2 was examined by the following procedure. A freshly harvested suspension of T. pallidum was diluted 1:20 in BRM and placed in tubes (16 by 125 mm), 2 ml per tube. The tubes were flushed with 5%/c CO2 in N2, sealed with a silicone rubber stopper, and incubated at 33°C. Samples of fluid were removed for counting at 24-h intervals, and the tubes were reflushed with 5% CO2 in N2.
Survival studies in tissue culture. All cell cultures, with the exception of the mouse sarcoma cell line, were cultivated in 8- All experiments were performed at 33°C with freshly harvested T. pallidum suspensions. For experiments using Leighton tubes in the standard horizontal position, the culture medium was replaced with 1 ml of BRM containing approximately 5 x 106 treponemes per ml, and air was displaced with 5% CO2 in N2. Gradient cultures also contained cells grown out on Leighton tubes in the usual manner; however, after removing the culture medium, the tubes were placed in a vertical position, and T. pallidum diluted in BRM-50 was added in sufficient volume to cover the cover slip (ca. 6 ml). The cover slip assumed an angle of 100 from the vertical, the side with the tissue culture cells facing upward.
For studies in shell vials, the culture medium was replaced with T. pallidum diluted in BRM-50, the volume being varied to examine survival on the cell monolayer under different medium depths. The vials were briefly flushed with 5% CO2 in air to stabilize the pH.
T. pallidum enumeration. Enumeration of treponemes in fluids was performed by counting organisms in a 10-,ul sample that had been placed under a 22-mm cover slip. Care was taken to avoid bubbles or excess fluid along the edge of the cover slip. Random fields were counted until 100 treponemes were observed. Enumeration of treponemes on cover slip cultures of tissue cells was performed by inverting the cover slip onto a slide, gently swabbing the reverse of the cover slip to remove the excess culture fluid, and counting 5 random fields per cover slip. On gradient culture cover slips, one field was counted at each of the indicated distances from the top of the cover slip. Treponemes attached to both the cells and the cover slips were counted.
All observations were made at a magnification of x800 with a Zeiss universal microscope equipped for dark-field illumination. The field diameter was measured with a stage micrometer, and the field area was calculated to be 4.26 x 10-4 cm2.
The multiplication factors used to determine the number of treponemes per milliliter or per cover slip were derived by the following formulas. was less than 20% after 4 days. Although there was unquestionably a tendency for the treponemes to attach to the cell sheet, it has been our experience that the treponemes will also adhere to some degree to cover slips containing no tissue culture, especially when cellular or other debris is present. For example, in the experiment presented here, on day 1, 82 treponemes were counted in five fields on the cover slip without tissue culture, whereas 735 treponemes were counted in the same number of fields on the cover slip containing SflEp cells.
Influence of redox potential on T. pallidum survival. Cell-free cultures were used to examine the effects of redox potential on survival. Redox potentials lower than those in tubes containing 2 ml of BRM were obtained by increasing the volume of medium in vertical test tubes (16 by 125 mm), and a higher redox potential was obtained by using 1 ml of medium in a horizontal Leighton tube. The inclusion of resazurin in the medium confirmed that more reduced conditions were obtained as the volume was increased. Resazurin was completedly oxidized in horizontal Leighton tubes. A progressively smaller portion of the medium was oxidized in 2-, 5-, and 10-ml tubes, with only the upper 20% being oxidized in 10-ml tubes. The ST50 in tubes containing 2 or 5 ml of BRM was 6 to 7 days; it was 4 to 5 days in tubes containing 10 Figure 2 is a bar graph representing the combined results of 11 experiments on T. pallidum survival in gradient cultures. Each bar represents the. average percent motility of T. pallidum at the given depth in the medium on the given day of observation. The average number of treponemes per field is given above the bars. The percentage of treponemes motile in the medium is given in parentheses below the day of observation. It is readily apparent that in the deeper areas of the gradient, 23 and 29 mm below the surface, there was a rapid decline in motility to below 50% by day 7. At 5 mm below the surface, the average motility ranged from 42 to 72% during the 14-day incubation period.
Of greater interest are the results at the 11-and 17-mm levels. At these levels, the motility percentage remained between 83 and 92% through day 12, with the standard deviation ranging from 4 to 12%. On day 14 the average motility dropped to 70 to 75%. By day 12 there was a decline in the number of treponemes on the cell sheet. This phenomenon may have been due in part to the increasing density of the cell monolayer, with a concomitant tendency to mask the treponemes, as well as to an actual decrease in the number of organisms. This was accompanied by a decrease in number and percent motility of the treponemes in the medium. Therefore, the maintenance of a high percentage of motility over a long period of time may be somewhat misleading. However, the treponemes in the optimal survival areas of these gradient cultures remained regularly coiled and were vigorously motile for the life of the cell cultures. They appeared to be quite similar to freshly harvested treponemes, unlike those at the top of the gradient, those at the bottom, and those maintained in the absence of tissue culture. Furthermore, when the SflEp celis were maintained for prolonged periods of time, vigorous motility was observed for up to 21 days.
Measurements of the redox potential and 02 tension along these gradients have not been attempted because of the technical difficulties involved in such measurements. However, it seemed apparent that since 02 had not been excluded from the gas mixture over the medium, a gradient had been established that permitted observation of T. pallidum survival under varying conditions of oxygen tension and tissue culture growth. Resazurin was used in these cultures and was found to be oxidized in the upper half of the gradient. The depth of the oxidized region corresponded roughly with the depth of the confluent cell growth and always included the area where T. pallidum survival was optimal.
In one experiment, T. pallidum survival in gradient cultures of dog kidney, adult human foreskin, and human fetal kidney cells was compared with that in gradient cultures of SflEp cells. Survival was markedly reduced in all three cultures, with none having greater than 50% motility in any portion of the gradient by day 12, whereas in SflEp gradient culture, motility was 82, 79, and 84% at the 5-, 11-and 17-mm levels, respectively, after 14 days in vitro. In addition, 2-to 10-fold fewer treponemes were counted on the cover slips of these alternate cell cultures as compared with the SflEp culture cover slips.
Survival studies on T. pallidum in shell vial cultures. In an effort to achieve an optimum 02 tension for all treponemes on the cover slip, we investigated a culture system in which cells were grown on 22-mm round cover slips placed in the flat bottom of shell vials (25 by 95 mm). Since these cover slips were horizontal, there was an equal distribution and a greater number of cells and viable treponemes on the cover slips. The medium depth was varied to examine T. pallidum survival under various 02 tensions.
Transition to the shell vial culture system required some procedural modifications. Although small numbers of treponemes actively attached to a vertical (gradient culture) cover slip, far greater numbers of treponemes settled onto the horizontal (shell vial) cover slip, making enumeration of T. pallidum virtually impossible. Thus, to avoid overloading the cell monolayer, the number of T. pallidum was initially standardized at 5 x 10' per vial regardless of the volume of the medium. This necessitated a dilution of the initial T. pallidum suspension 2-to 10-fold greater than in gradient cultures.
The depth of the medium in shell vials was varied from 5 to 25 mm. T. pallidum survival under 5 to 10 mm of medium was poor in every instance (less than 10% motile by day 4). With a depth of 15 or 20 mm, the ST50 on the cover slip was as long as 13 days in several experiments. However, in several other experiments the motility dropped below 50% within 3 or 4 days. The ST5o ranged from 12 to 21 days in the optimal area of the gradient culture tubes used as simultaneous controls and using the same treponeme suspension and media.
Effect of testis extract dilution and T. pallidum concentration on survival. Greater dilution of testis extract and lower concentration of T. pallidum were two of the most important modifications in shell vials as compared with gradient cultures. Other investigators previously reported that the dilution of testis extract was an important factor in the in vitro survival of T. pallidum in cell-free systems (13, 16) . To determine whether the extract dilution and T. pallidum concentration used in the shell vial cultures affected T. pallidum survival, we carried out four experiments in gradient cultures designed to examine these factors. The results of one experiment, typical of the others, are shown in Table 3 .
In the first group, T. pallidum was diluted directly to 8.8 x 105 per ml, the concentration used in shell vials with a 15-mm depth. In this instance the testis extract was diluted 1:203. The second group also contained 8.8 x 105 T. pallidum per ml; the third group contained 5 x 106 treponemes per ml. However, in the latter two groups the testis extract dilution was held constant at 1:30 by preliminary dilutions in treponeme-free testis extract.
It is readily apparent that T. pallidum survival was significantly greater in the second group than in the first. After 12 days in culture, T. pallidum survival in the center three fields in the second group was 71, 86, and 91%, respectively. By comparison, survival in the first group was 27, 25, and 18% in the corresponding fields. In addition, three to five times as many treponemes were found in the second group as in the first. These results suggested that the testis extract provided some factors essential for the survival of T. pallidum even in the presence of tissue culture. With respect to virulence of T. pallidum maintained in vitro, other investigators have reported that these organisms lose virulence for rabbits before the loss of motility (2, 9, 18, 20) . This did not occur in our experiments. Even when less than 10% of the treponemes were motile after 21 days in culture, they still produced darkfield positive lesions in rabbits. It is probable that true loss of virulence does not occur in vitro any more than it does in vivo. It seems unreasonable to expect that an organism that has maintained virulence through 65 years of passage in rabbits should lose virulence after a short period in vitro. Rather, it seems likely that under some conditions in vitro, especially under strict anaerobic conditions, irreversible changes occur, and the organisms are no longer capable of replication, even though they may be motile; hence, the so-called loss of virulence before loss of motility is simply an inability of T. pallidum to multiply. LITERATURE CITED
